Whether there is a relationship between quality, DNA methylation, and mitochondrial DNA (mtDNA) copy number in human-derived sperm specimens is unknown. A cohort (n ¼ 118) of male partners of couples who were undergoing fertility assessment because of an idiopathic inability to conceive were recruited. Sperm motility parameters were determined by computer-aided sperm analysis (CASA), while sperm quality was assessed using World Health Organization criteria, mtDNA copy number was measured by real-time PCR, and DNA methylation patterns were analyzed employing high-melting resolution PCR and bisulfite sequencing PCR. The mtDNA copy number negatively correlated with semen parameters, including sperm motility, concentration, morphology, progression, and motion characteristics (r for À0.19 to À0.54; P , 0.05 for all). As a surrogate marker for global DNA methylation, LINE-1 negatively correlated with sperm motility (r ¼ À0.25; P ¼ 0.009). Meanwhile, after adjustment for age, length of abstinence, smoking, and alcohol intake, there was a suggested association for increased LINE-1 methylation and mtDNA copy number tertiles versus sperm motility (odd ratios were 1.0, 2.6, and 4.7, and 1.0, 2.5, and 4.9, respectively). Altered mtDNA copy number and DNA methylation may serve as genetic and epigenetic markers to assess human sperm quality together with CASA parameters.
INTRODUCTION
Over the course of the last 50 yr, a downward trend in semen parameters has become a worldwide human reproduction problem; this correlates with overall reductions in male fertility [1, 2] . As a consequence, increasing numbers of infertile men resort to assisted reproductive techniques (ARTs).
Although ARTs are widely used to treat infertility, they may carry a potential risk to offspring. When compared to children conceived naturally, those born via ARTs exhibit increased incidence of genomic imprinting syndromes by abnormal DNA methylation, including Beckwith-Weidemann syndrome, Angelman syndrome, or Prader-Willi syndrome [3] [4] [5] [6] . Sperm with undetectable epigenetic flaws via traditional evaluation measures may contain in their genome such alterations that may contribute to these risks.
In order to produce normal sperm, the process of spermatogenesis is complex, including gradual mitochondrial DNA (mtDNA) elimination and dramatic epigenetic modifications. The elimination of mtDNA is achieved by gradually decreasing mitochondrial nucleoid numbers during sperm maturation; it is because of this that the mitochondrial genome strictly complies with maternal inheritance. Matured sperm contain only a few mtDNA copies (some 10-100) when compared to the mature oocyte (approximately 10 5 -10 8 ), which is important for maintaining the integrity of mitochondrial function [7, 8] . However, mtDNA copy numbers are dramatically higher in poor-quality and abnormal sperm than in the most motile and fertilizing examples [8] . Thus, sufficient mtDNA copy elimination is critical for sperm maturation, and mtDNA copy number may indicate genomic quality.
Epigenetic modification of the DNA sequence (e.g., cytosine methylation) plays important roles in many cellular and developmental processes, including cellular differentiation, embryonic reprogramming, X chromosome inactivation, and imprinting. Therefore, altered epigenetic modifications of spermatozoan-imprinted genes may influence fertilization potential and embryonic development, which may decrease male fertility [7, 9] . A genome-wide analysis revealed that global hypermethylation of DNA in poor-quality sperm points to a methyl erasure defect of the methylated cytosine in spermatogenesis and germ cell development [9] . In comparison to their somatic cell counterparts, imprinted genes in mature sperm exhibit parent-specific methylation patterns. Other than imprinted genes, increasing epidemiologic evidence suggests that epigenetic alterations in nonimprinted genes (including MTHFR, HRAS, and NTF3) are implicated in oligozoospermia and other male infertilities [9, 10] . Therefore, altered epigenetic modifications in sperm may underlie their quality.
Sperm quality is often assessed using precise and quantitative kinematic parameters, which are usually measured by computer-aided sperm analysis (CASA). For example, movement parameters can be used to assess fertilizing ability [11] . Although altered DNA methylation and mtDNA copy number may be genomic factors underlying poor sperm quality, their correlations with quality parameters remain to be assessed. To this end, we evaluated relationships between CASA quality parameters, mtDNA copy number, and DNA methylation patterns in interspersed LINE-1 elements and in the promoter regions of selected genes located in imprinted and nonimprinted loci.
MATERIALS AND METHODS

Participant Recruitment and Sample Collection
The study participants were volunteers recruited from the Reproduction Department of the Chongqing Institute of Science and Technology for Population and Family. The local ethics committee approved the study. A cohort (n ¼ 118) of male partners of couples who were undergoing fertility assessment because of an idiopathic inability to conceive were recruited from between July 2009 and August 2010. The purposes of the study were explained to prospective participants, who each agreed to participate by signing a consent form. An interview was arranged for each study participant to collect individual information, including age, personal background, medical history, lifestyle factors, occupational and environmental exposures, and sexual and physical activity.
Semen Analysis
Study participants were requested to abstain from sexual activity for at least 2 days prior, and semen samples were generated by masturbation into a sterile plastic specimen container (NUNC Brand Products). After liquefaction at 378C for 30 min, sperm motion and conventional semen parameters were determined according to the World Health Organization (WHO) guideline [12] . The motion parameters were analyzed using a Micro-cell slide and CASA (WLJY 9000; Weili New Century Science and Technology Development, Beijing, China). According to WHO recommendation, percentage of motile sperm was scored using the following categories: A) rapid progressive motility with a velocity !25 lm/sec at 378C; B) slow/sluggish progressive motility with a velocity !5 lm/sec, but ,25 lm/sec at 378C; C) nonprogressive motility with a velocity ,5 lm/sec at 378C-excluded from study; and D) immotility. Because of the considerable interobserver variation in discrimination of A and B, these two scores were pooled together. In addition, the percentage of progressively motile spermatozoa (A þ B) is the most significant parameter in relation to male fertility. Category C was excluded in this analysis, because it is not an independent variable. Therefore, the analysis was conducted for the two types of motility, A þ B and D. Sperm morphology smears were scored using the Tygerberg Strict Criteria [13] . As we have previously described [14] , sperm progression and motion parameters were measured for sperm tracks, which include straight-line velocity (VSL; lm/sec), curvilinear velocity (VCL; lm/ sec), beat cross-frequency (BCF; Hz), average path velocity (VAP; lm/sec), angular displacement (MAD; 8), amplitude of lateral head displacement (ALH; l/sec), linearity (LIN ¼ VSL/VCL 3 100; %), wobble (WOB ¼ VAP/VCL; 8), and straightness (STR ¼ VSL/VAP 3 100; %). Some of these CASA parameters were strongly correlated with each other, because they describe different aspects of the same movement. Parameters for each specimen were measured twice in succession. In order to reduce the variation of assessment of sperm characteristics, all the analyses of semen quality were performed by two well-trained technicians for all six centers using the same apparatus, with one technician evaluating appearance, viscosity, liquefaction time, pH value, and semen volume, and the other measuring sperm concentration, motility, and morphology. The two technicians participated in the continuous quality control system under the supervision of the Chongqing Science and Technology Commission.
DNA Extraction and Conversion with Sodium Bisulfite
Semen specimens were allowed to thaw at 378C. Sperm were first washed twice with PBS and then washed with sperm-wash buffer (SWB; 10 mM TrisHCl, 10 mM EDTA, 1 M NaCl, pH 7.0) [10] . After purification, cellular contaminants, including leukocytes, round cells, epithelial cells, and miscellaneous debris, were removed [15] . Finally, each specimen was confirmed by visual inspection under light microscopy. Sperm DNA was extracted using the QIAamp DNA minikit (Qiagen, Hilden, Germany) and eluted twice, each time with 100 ll of elution buffer. Isolated DNA (200 ng) was subjected to sodium bisulfite using the EZ DNA Methylation Kit (Zymo Research, Orange, CA) in accordance with manufacturer's instructions. Here, unmethylated cytosines were converted into uracil, whereas methylated cytosines remained unchanged. The modified DNA was eluted in elution buffer.
Mitochondrial DNA Quantification
Relative quantification of mtDNA levels in sperm was expressed as the ratio of the mitochondrial MTF3212/R3319 gene to the single-copy, nuclearencoded ACTB (b-ACTIN). The measurement was performed on the LC 480 (Roche Applied Science, Germany) by following an adapted protocol [16] . Primer sets and product sizes used for amplification of MTF3212/R3319 and ACTB are shown in Table 1 . The PCR reaction was carried out in a final volume of 20 ll, containing 10 ll 23 SYBR Green Master Mix reagents (Roche), 1 ll 10 lM of each primer, 5 ll ddH 2 O, and 3 ll DNA template. The cycling protocol started with one cycle at 958C for 10 min, followed by 40 cycles at 958C for 15 sec, and 608C for 60 sec. The 108-bp product was purified using a Wizard SV Gel and PCR Clean-up System (Promega), and cloned into bacteria using the pMD 18-T Vector (Takara), sequenced, and used as a standard for real-time PCR. The standard DNA stock was diluted from 2 10 to 2 0 copies relative to the interinference gene. To accurately determine the amount of mtDNA relative to nuclear DNA, amplification of target amplicon, PCR reaction, and the standard curve was checked by generating a melting curve, efficiency, and correlation coefficient. Three replicates of quantitative PCR were performed for each sample. The relative mtDNA copy (i.e., normalized to b-ACTIN copy) was calculated by the formula: (mtDNA copy number)/(b-ACTIN copy number).
High-Resolution Melting Quantitative Analysis of Gene Promoter Region Methylation
High-resolution melting (HRM) analysis was applied to quantitatively measure the methylation status of promoter regions in selected imprinted genes. In this experiment, whole-genome PCR amplification of the monoclonal plasmid from bisulfite-modified CpGenome Universal Methylated DNA (Chemicon, Millipore, Billerica, MA) was conducted, and genomic DNA from peripheral blood mononuclear cells of normal individuals were selected as the methylated and unmethylated controls. Sanger sequencing before performing experiments confirmed both of the control plasmids. Methylation standards were constructed by diluting 100% methylated control plasmid in a pool of TIAN ET AL.
unmethylated control plasmid at 100%, 75%, 50%, 25%, 10%, 5%, and 0% ratios, respectively. PCR amplification and HRM analysis were performed on the LC 480 by following an adapted protocol. Primers for HRM analysis are shown in Table 1 . PCR was performed in a final volume of 20 ll containing 1 3 ZymoTaq Premix (Zymo), 250 nM of each primer, 2.5 mM SYTO-9 dye (Invitrogen, Carlsbad, CA), and 10 ng bisulfite-treated DNA templates. The cycling conditions started with one cycle of 958C for 10 min, followed by 60 cycles of 958C for 20 sec each, a touchdown of 648C-588C for 20 sec (18C/ cycle), 728C for 20 sec, and an HRM step of 958C for 1 min, 408C for 1 min, 658C for 5 sec, and continuous to 958C at 25 acquisitions per 18C. As previously described [17] , HRM data were analyzed using gene-scanning software (Roche, Germany). The melting curves were processed with normalization and temperature shifting using Light Cycler software. Raw data were exported from the Light Cycler and used to generate a standard curve by regression analysis. This standard curve was then used to calculate the methylation levels for each sample.
Bisulfite Sequencing PCR for Analyzing the CpG Site Methylation Status in Gene Promoter Regions
Bisulfite sequencing PCR (BSP) was applied for the selected gene promoter analysis; the primer sequences, including H19 and LIT1 promoter regions, are listed in Table 1 . PCR products that contained 11 and 16 CpG sites were purified using a Wizard SV Gel and PCR Clean-up System (Promega), and cloned into bacteria using the pMD 18-T Vector (Takara). Individual clones were grown overnight, and plasmid DNA was isolated with an E.Z.N.A.TM Plasmid Mini Kit (Promega). A total of 8-12 clones were sequenced per group. Sequence results were analyzed online by QUMA (http://quma.cdb.riken.jp) [18] .
Statistical Analysis
We performed statistical analysis using SPSS statistical software (SPSS Inc.). The mtDNA copy and LINE-1 methylation levels were used both as a continuous measure and categorized into three tertiles. Semen parameters were dichotomized based on WHO reference values for semen volume (,2 ml), sperm concentration (,20 3 10 6 /ml), A þ B sperm number per ejaculum (,20 3 10 6 ml), and sperm motility (,50% motile sperm). Study participants with all four semen parameters at or above the reference were defined as the comparison group. Individuals whose values exceeded the WHO reference value for one semen parameter of interest, but were less than the WHO reference value on one, two, or all of the remaining three semen parameters, were excluded from analysis for that semen parameters of interest. Spearman correlation coefficient and the related P value were used to describe the correlation between LINE-1, DNA methylation, as well as mtDNA copy number and semen parameters. In addition, we used a multivariate logistic regression model to estimate the odds ratios (ORs) and their 95% confidence intervals (CIs) of semen parameters associated with LINE-1 DNA methylation, as well as mtDNA copy number, adjusted by age, abstinence time, smoking status, and alcohol intake. P , 0.05 or 95% CI was set as representing statistical significance.
RESULTS
Study Participant Demographics
Demographic characteristics and semen parameters are shown in Tables 2 and 3 . The mean (6 SD) age of the 118 male participants was 31.4 (6 5.1) yr, and mean body mass index (BMI) (6 SD) was 23.9 (6 3.9) kg/m 2 . Abstinence time and lifestyle habits (i.e., smoking and alcohol consumption) were also analyzed ( Table 2) . Among the 118 specimens, semen volumes ranged from 0.6 to 5.2 ml, concentration from 0 to 402.7310 6 /ml, and motility from 0% to 82.0%. The sperm progression and motion parameters including, VSL, VCL, BCF, VAP, MAD, ALH, LIN, WOB, and STR, are listed in Table 3 . In the study population, 18 participants had a semen volume ,2 ml, 13 had a sperm concentration ,20310 6 /ml, 14 had an A þ B sperm number per ejaculum ,20310 6 , and 35 had ,50% motile sperm according to WHO reference standards (12). EPIGENETIC AND GENETIC CORRELATE TO SEMEN QUALITY
Mitochondrial DNA Copy Number in Sperm
To estimate relative mtDNA copy number, we used realtime PCR to amplify MTF3212/R3319 in mtDNA and ACTB in nuclear DNA. The mtDNA/ACTB ratio, which represents the average copy number per sperm, was determined in the 118 semen specimens. The linearity of the standard curve indicated that the mtDNA PCR efficiency (99.9%) was constant over the concentration range of the standards (Fig. 1) . The average ratio was 29.6 (range, 0.2-344.9) and varied considerably. We also found higher mtDNA content in the diploid human liver L02 cell line (1176.3) compared with haploid sperm sample.
DNA Methylation in Sperm
Differentially methylated regions in promoters of the paternally imprinted H19 gene, maternally imprinted LIT1 gene, the genome-wide repetitive element (LINE-1), and testisspecific BRDT gene, as well as in the functionally important sperm MTHFR gene, were analyzed by HRM (Table 3) . The global DNA methylation indicator LINE-1 showed that approximately 50.3% cytosine was methylated in sperm (range, 44.7%-56.1%; SD ¼ 1.9%). The imprinted H19 was hypermethylated, but imprinted LIT1 was hypomethylated in the sperm specimens. Cytosines in the promoter of H19 were 74.9% methylated (range, 16.4%-96.6%; SD ¼ 21.8%) and in the promoter of LIT1 they were 0.6% (range, 0%-27.9%; SD ¼ 2.6%), respectively. H19 and LIT1 HRM curves simultaneously indicated methylated and unmethylated peaks in blood samples, which implies that the selected imprinted genes' methylation in sperm is very different in comparison to somatic cells (Fig. 2) . To confirm the HRM observations, we conducted DNA methylation analysis of H19 and LIT1 in amplification loci using BSP analysis; both results were concordant (Fig. 2) . Approximately 21.3% (range, 3.1%-89.1%) in BRTD promoter region and 5.6% (range, 1.2%-84.7%) in the MTHFR (methylene tetrahydrofolate) promoter region were methylated. 
TIAN ET AL.
Correlations among Semen Parameters, mtDNA Copy Number, and DNA Methylation Possible correlations between semen parameters, mtDNA copy number, and global (LINE-1) or specific gene promoter cytosine methylation status were evaluated. Within these models, factors including age, duration of sexual abstinence, smoking, alcohol consumption, and BMI were adjusted (Table  4) . Sperm motility was correlated with several other semen parameters, including concentration (r ¼ 0.27; P ¼ 0.004), morphology (r ¼ 0.24; P ¼ 0.01), VSL (r ¼ 0.59; P , 0.001), VCL (r ¼ 0.52; P , 0.001), BCF (r ¼ À0.29; P ¼ 0.002), and LIN (r ¼ 0.26; P ¼ 0.006). The results show that motility acts a sensitive indicator in evaluating sperm quality. Mitochondrial DNA copy number negatively correlated with concentration (r ¼À0.21; P ¼ 0.02), motility (r ¼À0.37; P ,0.001), and many velocity parameters, including VSL, VCL, BCF, VAP, MAD, ALH, or LIN (r ranged from À0.19 to À0.54). These findings also suggest that mtDNA copy number may serve as a potential indicator for sperm quality.
A negative correlation between LINE-1 methylation and sperm motility (r ¼ À0.25; P ¼ 0.009) was observed, which may imply a link between global DNA methylation and semen quality. LINE-1 methylation positively correlated with methylation of maternally imprinted LIT1 (r ¼ 0.33; P , 0.001), which should be highly hypomethylated in normal sperm. In addition, LIT1 methylation also positively correlated with mtDNA copy number (r ¼ 0.24; P ¼ 0.01), the testis-specific BRDT (r ¼ 0.28; P ¼ 0.003), and the functionally important sperm gene MTHFR (r ¼ 0.21; P ¼ 0.03). These findings suggest that LIT1 is highly sensitive to cytosine methylation alterations in sperm. The paternally imprinted H19, which is normally silent in sperm due to promoter region hypermethylation, was positively correlated with sperm VCL (r ¼ 0.20; P ¼ 0.04).
The relationships between dichotomized semen parameters (above and below the WHO references) and LINE-1, as well as mtDNA copy number, grouped in tertiles, were investigated and expressed by using the adjusted ORs (Table 5) 
DISCUSSION
In the present study, we measured the genetic sperm factor of mtDNA copy number and evaluated the epigenetic profile of global DNA methylation (LINE-1 element) or specific genes (i.e., maternal imprinted LIT1, paternal imprinted H19, testisspecific BRDT, as well as the functionally important [in sperm] MTHFR). We investigated whether there are associations 
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between these factors and clinically used semen quality parameters. Our results suggest that these (epi)genetic factors may be linked to semen quality via sperm motility. Mitochondrial DNA copy number and LINE-1 methylation may be the (epi)genetic factors that correlated with standard semen parameters, such as sperm motility. Together, they were not only associated with the maternal imprint gene LIT1, but also with functionally important BRDT and MTHFR (Fig. 3) . Hence, the assessment of the genetic and epigenetic factors of sperm could provide additional information on male fertility status and sperm evaluation.
We found that the methylation levels of LINE-1 were inversely associated with sperm motility, which may confirm why abnormally elevated genome-wide DNA methylation is associated with poor human sperm quality [9] . Mammalian sperm DNA is reported to have a lower 5-methylcytosine level than counterpart somatic cells from the same species [19] . LINE-1, which comprises 17% of the human genome, can therefore be used as a proxy indicator of global genomic methylation [20] . We observed that LINE-1 in sperm DNA was hypomethylated in comparison to somatic cell genomic material isolated from blood (50.6% vs. 57.8%). Reducing DNA methylation is a general trend during the process of spermatogenesis [9] , which could generate improper erasure of pre-existing methylation or abnormal de novo methylation. In mouse sperm cells, global demethylation-remethylation processes have been demonstrated involving widespread removal of somatic-like patterns of DNA methylation followed by the re-establishment of paternal-specific genomic imprint patterns by de novo DNA methylation [21] ; disruption of this removal may be the main mechanism [9, 21] . Furthermore, an association has been speculated between global hypermethylation and sperm apoptosis in humans [22] . Abnormal DNA methylation has been observed not only in some repetitive elements (SAT2CHRM1, ALU, and LINE-1), but also in imprinted (H19, LIT1, SNRPN, MEST, ZAC, and PEG3) and single copy (MTHFR and CREM) genes in sperm [9, 10, 23, 24] .
We infer that abnormal gene-specific DNA methylation is also associated with poor semen quality in our cohort. Maternal imprinted LIT1 was hypomethylated, while the paternal imprinted H19 was hypermethylated in our subjects. H19 was significantly positively associated with sperm VCL. TIAN ET AL.
Although no relationship was observed between methylation of LITI, MTHFR, or BRDT and sperm quality parameters, the methylation of LINE-1 was positively associated with the methylation of LIT1, and the latter was positively associated with the methylation of BRDT and MTHFR. The abnormal methylation of imprinted genes has been associated with male infertility, including in oligozoospermia and abnormal protamine patients [24] . The abnormally hypomethylated H19 or/ and abnormally hypermethylated LIT1 in poor-quality sperm may increase the risk of imprinting syndrome in offspring [21] . MTHFR is a key regulatory enzyme involved in folate metabolism, DNA synthesis, and remethylation reactions; the hypermethylation of MTHFR had also been linked to oligozoospermia [10] . BRDT is a tissue-restricted, chromatinassociated protein, which is essential for chromatin remodeling during spermatogenesis, and expressed in pachytene spermatocytes, diplotene spermatocytes, and round spermatids [25] . It has been suggested that a small-molecule bromodomain inhibitor can impair spermatogemesis and compromise motility by direct inhibition of BRDT function [26] . Thus, we speculated that there is a DNA methylation erasure defect in the maternal imprinted LIT1 and the repetitive element LINE-1 accompanied by abnormalities of the single copy BRDT and MTHFR in the poor-quality sperm individuals; however, the underlying mechanism remains to be clarified. We observed that mtDNA copy number appears to be inversely associated with many quality parameters, including sperm motility. Increased mtDNA copy number in poor-quality sperm may result from excessive levels of oxidative stress and a retarded elimination process during spermatogenesis [7, 27, 28] . On the one hand, mitochondria contain their own DNA encoding the essential components for respiratory chain and oxidative energy metabolism. On the other, because offspring inherit mtDNA strictly along the maternal line in humans, the elimination of sperm mtDNA plays a substantial role in successful reproduction. Human oocytes contain an average of 200 000 mtDNA copies, whereas individual sperm contain '10 copies [8, 29] . Oogenesis is accompanied by a sharp replication of mtDNA content, with insufficient mtDNA content conferring an increased chance of failure in fertilization; in contrast, spermatogenesis features a drastic reduction in mtDNA copy numbers [16, 29, 30] . During spermatogenesis, mtDNA nucleoids may be progressively lost in spermatids, starting from the head and moving to the tail, accompanied by the loss of residual bodies, and then mtDNA molecules are largely discarded [31] . Therefore, excessive reactive oxygen species levels may damage spermatids and retard mtDNA copy removal [27] ; thus, increased mtDNA copy number indicates male infertility characterized by poor semen quality [8, 27] . Interestingly, retarded mtDNA elimination was associated with LIT1; this relationship in spermatogenesis needs to be understood.
Based on these observations, we tentatively conclude that epigenetic defects and mtDNA content abnormalities affect poor sperm quality in this cohort. Because the processes of reducing mtDNA copy number, genomic imprinting, and global/gene-specific DNA demethylation-remethylation are essential in spermatogenesis, we speculated that LIT1 may play key roles linking the function of BRDT and MTHF to global DNA methylation reprogramming and mtDNA copy elimination; these are important for normal transcription and methylation regulation in spermatids (Fig. 3) . The relatively small cohort size with participants recruited from a clinical department rather than the general population restricts the generalizability of the results. To better understand these relationships, a strengthened study with larger sample size and strictly designed case-control study participants needs to be conducted.
In conclusion, given the DNA methylation and mtDNA copy relationship with the semen quality parameters, the assessment of the genetic and epigenetic modification in sperm could add diagnostic information to the routine semen analysis in the evaluation of male infertility, especially in the ARTs offspring epigenetic syndrome risk evaluation.
